Dicke state, a coherent state of multiple particles, is fundamentally responsible for various intriguing collective behaviors of many-body systems. Experimental access to Dicke states with a scalable and deterministic number of particles is essential to study how many-body properties depend on the particle number. We report the observation of Dicke states consisting of two, three, four, five, six, and seven atoms in an atomic vapor. Quantum coherences between the ground state and multi-atom states are created and detected by using optical two-dimensional coherent spectroscopy. The signal originated from multi-atom states is manifested as correlation between the multi-quantum coherence and the emission signal, providing direct and unambiguous detection of Dicke states. The manipulation of deterministic atomic Dicke states has possible implications in quantum information processing and fundamental many-body physics.
Behaviors of many-body systems cannot always be explained by a simple extrapolation of individual properties 1 , but rather are results of a collective state of multiple particles. In 1954, Dicke introduced 2 a coherent collection of atoms in which n atoms act collectively as one big atom, forming so called Dicke states. The cooperative spontaneous emission from a Dicke state is known as superradiance 2,3 whose intensity is proportional to n 2 instead of n. Interest in Dicke states has been revived recently due to studies of single-photon supperradiance 4, 5 , collective lamb shift 6-8 , Dicke quantum phase transition 9-11 , and multiparticle entanglement [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . As a many-body model system with exact solutions 23 , Dicke states can provide unique insights into how many-body properties scale with the number of particles. Experimentally, it requires the capability to prepare Dicke states of a scalable and deterministic number of particles, which has been demonstrated with trapped ions [12] [13] [14] , entangled photons [15] [16] [17] [18] [19] [20] , and superconducting qubits 21, 22 . However, realizing Dicke states with a few neutral atoms/molecules is challenging and the collective excitation of neutral atoms/molecules has been limited to either two particles [24] [25] [26] [27] or a large ensemble 3,9,11 .
Here we report the creation and detection of two-, three-, four-, five-, six-, and sevenatom Dicke states in an atomic vapor by using optical two-dimensional coherent spectroscopy (2DCS). Through a multi-photon process, femtosecond excitation pulses correlate multiple atoms and generate a multi-quantum coherence between the ground state and the multiatom excited state. The resulting multi-quantum coherence is subsequently down-converted by excitation pulses to a single-quantum coherence which radiates a signal. The number of correlated atoms is determined by the order of multi-photon process. The nonlinear excitation up to 14th-order provides access to Dicke states of up to seven atoms. We made a significant advance in 2DCS technique to realize seven-quantum 2D spectroscopy for the first time. The obtained 2D spectra display the correlation of multi-quantum coherence and emission signal, allowing unambiguous detection on selective Dicke states. We further found that the decoherence rate increases linearly with the number of atoms, confirming the signature cooperative behavior of Dicke states.
Consider a system of n atoms with two energy levels, as shown in Fig. 1a , each atom can be treated separately and has two states |0 and |1 . In the joint basis of n correlated atoms, the system as a whole can be described by using Dicke states 2 as illustrated in excited state has one more atom excited until all n atoms are excited in state e n . For n correlated atoms, it is possible to generate a coherence ρ gen between states g = |000 · · · and e n = |111 · · · , which is known as n-quantum coherence. To observe the n-atom Dicke state e n , we measure the corresponding n-quantum coherence ρ gen which oscillates at n times the transition frequency ω 10 of a single atom. This approach eliminates the ambiguity in detecting spontaneous emission where signals from all manifolds of the ladder have the same frequency ω 10 . It also ensures that the involved state is a coherent collection of atoms which is required for generating n-quantum coherence.
Multi-quantum coherence can be created and detected by using optical two-dimensional coherent spectroscopy (2DCS), which has been demonstrated to measure two-or threequantum coherence in atoms 26, 27 and semiconductor quantum wells [28] [29] [30] . We implemented double-quantum 2DCS of atoms 26, 27 in a collinear setup based on acousto-optic modulators (AOMs) 31, 32 and further extended the technique to perform multi-quantum 2DCS (see Methods for detail). The experiment has a remarkable sensitivity to detect the signal from a 14th-order nonlinear process and realize seven-quantum 2DCS. To simplify the discussion, here we use three-quantum 2DCS as an example to briefly describe the experiment. The pulse sequence shown in Fig. 1c is used. Four pulses B, C, A * , and D * copropagate in one beam and are incident on the vapor cell window in that order, as shown in Fig. 1d . The time delays between pulse pairs BC, CA * , and A * D * are defined as τ , T , and t, respectively.
Each pulse is phase-modulated by an AOM at a specific frequency ω i (i = A, B, C, D). For three-quantum coherence, pulses C and A * each act twice and pulses A * and D * are considered conjugated. The signal due to the excitation of this particular pulse sequence (i.e.
can be isolated by lock-in detection using ω 3Q as the reference frequency. We are interested in the eight processes ( Quantum coherences between the ground state g and partially excited states e 1,2 are generated by the first two fields during this process. A three-quantum coherence ρ ge 3 is created by the third field and evolves during the time period T . It is subsequently converted into a single-quantum coherence which evolves during the delay t. In our experiment, the fluorescence signal is recorded as a function of T and t. Fourier transforming the time-domain signal generates a 2D spectrum with two frequency dimensions ω T and ω t corresponding to T and t, respectively. The 2D spectrum displays the correlation between the dynamics during T and t as a spectral resonance on the diagonal line ω T = 3ω t . The signal relies on the existence of three-quantum coherence and interatomic interactions that lead to an incomplete cancellation of contributions from the possible processes 26, 27 . This experiment can be generalized to measure n-quantum coherence for n-atom Dicke states by applying C and A * pulses (n − 1) times each and selecting the signal at the frequency
In this case, n-quantum coherence ρ gen is created and evolves in the time period T . The resulting 2D spectrum correlate the n-quantum coherence in T with the single-quantum coherence in t. The spectral peak should have a n-quantum frequency that is n times the single-quantum frequency. Therefore, n-quantum 2DCS provides a specific detection of n-atom state.
The experiment was performed on a potassium (K) atomic vapor contained in a glass However, the interatomic interaction is weak and no energy shift is observed within the frequency resolution in our experiment. Therefore, the two-quantum 2D spectrum of K is a direct consequence of the two-quantum coherence due to the collective state of two correlated, weakly interacting atoms, providing direct evidence of two-atom Dicke states. Similarly, n-atom Dicke states of K can be detected by using n-quantum 2D spectroscopy. The multi-quantum 2D spectra in Fig. 2 are the observation of Dicke states consisting of a scalable and deterministic number of atoms up to seven. The Dicke states with a specific number of atoms can be deterministically selected by using proper multi-quantum 2DCS, allowing possibilities to study the dependence of many-body properties on the number of atoms.
A signature collective behavior of Dicke states is superradiance 2,3 . The decay rate in this cooperative spontaneous emission of n atoms scales as nγ with γ being the spontaneous decay rate of a single atom. Here we study the decoherence rate of n-quantum coherence, instead of the decay rate, associated with n-atom Dicke states and its dependence on the number of atoms. In our experiment, the n-quantum (n > 1) coherence evolves during the time period T . To measure the decoherence dynamics of n-quantum coherence, we scan T while keeping τ and t fixed. The signal originated from n-quantum coherence is selected by lock-in detection at the corresponding reference frequency, similar to the detection method in n. This scaling dependence can be understood by considering the decoherence processes in atomic vapor. The primary contributions to the coherence loss is the population decay and the interatomic collision. The population decay rate of n-atom state scales with n. The collision probability of n atoms is n times the probability of a single atom colliding with others under the same temperature and number density. So the decoherence rate due to interatomic collision is nΓ * with Γ * being the collision decoherence rate of a single atom.
Considering the two decoherence processes, the overall decoherence rate is Γ = n(γ/2 + Γ * ).
For K atom the D-lines have a lifetime of 26 ns, we can extract Γ * = 9.78 GHz from the fitting. The dependence of decoherence rate on n further confirms that the observed n-quantum coherence is indeed a cooperative property of n-atom Dicke states opposed to individual atoms. In our experiment, the formation of Dicke states is a result of a small number of correlated atoms due to a coherent excitation. It is possible to have simultaneously Dicke states with different number of atoms at a sufficiently high atomic density. We performed density dependence measurements of multi-quantum 2DCS (from N = 4.81×10 8 to 5.
and found the n-quantum signal vanishes at a higher density for a larger n. The highest number of correlated atoms decreases by one for approximately one order of magnitude decrease in the atomic density. At the highest atomic density (N = 5.32 × 10 13 cm −3 ), the n-quantum signals are present for n = 2 to 7. Comparing the overall signal strength between n-quantum spectra, the spectral amplitude decreases exponentially across three orders of magnitude as n goes from 2 to 7, as shown in Fig. 4 . We attempted to measure an eight-quantum spectrum for eight-atom Dicke states but no signal was detected within the sensitivity of our experiment. It might be possible to observe Dicke states with eight or more atoms in further experiments with improved sensitivity and/or higher atomic density.
It has been shown that atoms/molecules in a thermalized gas can be correlated to form
Dicke states and produce superradiance 3 upon the excitation of a laser field. However, the specific Dicke state was not determined or accessible in the experiment. The significance of the multi-quantum 2DCS technique is the ability to selectively address Dicke states with a specific number of atoms even in a thermalized atomic ensemble. This capability can enable new studies of n-atom Dicke states in thermalized atoms which, in comparison to cold atoms, can provide a broader range of interatomic separation and may exhibit unique many-body effects and dynamics due to thermal motion. Such experiments will complement studies of many-body physics in cold atoms/molecules. On the other hand, the multi-quantum 2DCS technique can also be extended to study many-body effects in cold atoms/molecules.
With the recent development of frequency-comb based 2DCS 33, 34 , one can achieve a sufficient frequency resolution to perform 2DCS on cold atoms/molecules and resolve hyperfine structures. Moreover, n-atom Dicke states can support quantum entanglement. It might be possible to enhance the n-quantum coherence to realize an entangled state so that the generated n-atom Dicke states can be used for quantum information processing.
In summary, we implemented optical multi-quantum 2DCS on a K vapor and obtained n-quantum 2D spectra with n up to seven. In each spectrum, the spectral peaks match exactly the corresponding Dicke states in the multi-quantum frequency. In addition, the decoherence rate of n-quantum coherence was measured and found to increase linearly with the number of atoms n due to the cooperative behavior of Dicke states. The n-quantum 2D spectra and the decoherence rates confirm the creation and detection of Dicke states
with a scalable and deterministic number of atoms up to seven atoms in an atomic vapor.
Access to these Dicke states will enable new measurements of many-body properties to gain insights into their dependence on the number of atoms. The technique of multi-quantum 2DCS can also be used to study other systems such as cold atoms/molecules and entangled qubits. Overall, the observation of n-atom Dicke states along with the technique of multiquantum 2DCS has potential implications in the fields of fundamental many-body physics and quantum information science.
Methods
Collinear two-dimensional coherent spectroscopy setup A collinear optical 2-dimensional coherent spectroscopy (2DCS) setup based on acousto-optic modulators alize this technique to n-quantum 2DCS, we consider pulses C and A * each act n − 1 times.
The n-quantum signal should be detected at the reference frequency ω nQ = ω BD +(n−1)ω CA which is generated by the wave mixer using ω BD and ω CA . Potassium vapor cell The potassium (K) vapor cell was purchased from Thorlabs (GC25075-K). The cell is made of borosilicate glass with a diameter of 25 mm and a length of 71.8 mm. The cell is evacuated to a pressure of 10 −8 Torr and filled with a small amount
